Isolation, physical mapping and polymorphism of chromosome-specific DNA sequences in wheat are reported. Following the microdissection of the long arm of chromosome 5B (5BL) of common wheat, its DNA was amplified by degenerate oligonucleotide-primed PCR and directly cloned into plasmid vectors. Characterization of the chromosome arm library showed that ~55% of the inserts are of low-copy nature. Southern analysis using aneuploid lines of common wheat revealed that five of 11 low-copy inserts analyzed map to chromosome arm 5BL; four of these are 5BL-specific. By deletion mapping, the 5BL-specific sequences were located to sub-chromosome arm regions. Based on the hybridization patterns of three 5BL-specific sequences to DNA from a diverse collection of goat-grass (Aegilops) and wheat (Triticum) species, it was concluded that these sequences emerged at different times in the course of evolution of this group of plant species.
Introduction
The nuclear genome of common wheat, Triticum aestivum L. em Thell (2n = 6x = 42; genome AABBDD), is amongst the largest in eukaryotes, containing 1.7x10 t° base pairs per 1C nucleus (Bennett and Smith, 1991) . On the basis of specificity and distribution in the three constituent genomes of hexaploid wheat, the DNA sequences of this species can be classified into the following four categories: (i) non-specific sequences, which map to several or to all chromosomes of the A, B and D genomes; some of these sequences are ubiquitous, present in all eukaryotes while others have a more limited distribution, being confined to the grass family or to the tribe Triticeae; (ii) group-or homoeolog-specific sequences, which map to a single pair of homologous chromosomes in each of the three genomes Received 9 July 1996; revised 28 November 1996; accepted 7 January 1997. *For correspondence (fax 972 8 9344160; e-mail Ipfeld@wiccmail.weizman n.ac.il). tPresent address: Department of Field Crops, Vegetables and Genetics, Faculty of Agriculture. The Hebrew University of Jerusalem, Rehovot 76100, Israel.
A, B and D; (iii) genome-specific sequences, which map to several or to all chromosomes of only one of the three genomes; and (iv) chromosome-specific sequences, which are those confined to one pair of homologous chromosomes. For group-or homoeolog-specific sequences, the homologous pairs of chromosomes comprise a homoeologous group, i.e. they derived from a common ancestral chromosome. Obviously, the distribution of this category of sequences reflects the fact that homoeologous chromosomes carry the same gene loci and other DNA markers in an almost identical order (synteny) (Ahn eta/., 1993; Gale et al., 1993; Moore, 1995) . While group-specific sequences, being present in chromosomes of all three genomes, evolved before speciation of the Triticeae, those sequences found in only one genome, both genomespecific and chromosome-specific ones, are either of recent origin, having evolved after speciation of the Triticeae, or may have diverged from originally non-specific or groupspecific sequences during polyploid speciation.
A critical condition for the successful establishment of polyploid wheat as a new species is the suppression of pairing between homoeologous chromosomes at meiosis. In this species, Phl (pairing homoeologous) is the main gene determining strict pairing between homologous chromosomes, thus ensuring exclusive bivalent formation. This pattern of pairing leads to the production of balanced gametes, and hence complete fertility, as well as to disomic inheritance (for a review, see Feldman, 1993) . A key feature of Phl action is based on the discrimination between homologous and homoeologous chromosomes. Of the four categories of sequences described above, chromosome-specific sequences would be the main contributors to the differentiation of homologs from their homoeologous counterparts, and, as such, are potentially involved in the restriction of meiotic pairing to homologous chromosomes. Therefore, isolation and characterization of such sequences may shed light on their function as well as on the nature of differences between homoeologous chromosomes in polyploid wheat.
The conventional method for the isolation of DNA markers, using random sampling from cDNA or genomic DNA libraries, yields a low proportion of chromosomespecific DNA sequences (Harcourt and Gale, 1991) . Chromosome-or chromosome arm-specific libraries may provide better chances for obtaining this type of sequence. At present, flow-sorting and microdissection are the two techniques available to generate these sub-set libraries.
Flow-sorting has been successfully used to construct chromosome-specific libraries from each of the 24 human chromosomes (Van Dilla et al., 1986) . It was also adopted for several plant species, including wheat, for the isolation of particular chromosomes (Wang et al., 1992) . Microdissection, however, has proven to be more useful for the isolation of a target chromosome from plants. Using this technique, chromosomes from several plant species including wild beet (Jung et al., 1992) , barley (Schondelmaier et al., 1993) , wheat (Albani et al., 1993; Vega et aL, 1994) and oat (Chen and Armstrong, 1995) have been successfully isolated. To increase the amounts of isolated DNA, an efficient technique for uniform and random amplification of DNA was developed by Telenius et aL (1992) . The procedure, termed degenerate oligonucletide-primed PCR (DOP-PCR), is based on direct amplification along the isolated chromosomes using a primer with a partially degenerate sequence. Recently, DOP-PCR has been proven to be species-independent and equally applicable to plant species (for a review, see Vega et al., 1997) .
Using the DOP-PCR technique, we succeeded in amplifying DNA along the microdissected chromosome arm 5BL of common wheat (Vega et al., 1994) . The specific painting of the target chromosome arm by the DOP-PCR products, when used as an in situ probe, indicated the presence of chromosome-specific DNA sequences in the amplified DNA (Vega et aL, 1994 . Here we present the results of direct cloning and characterization of such DOP-PCR products. Time of origin of the isolated chromosomespecific sequences and their possible role in the meiotic behavior of polyploid wheat are discussed.
Results

Characterization of the 5BL chromosome arm DNA library
DOP-PCR products from the second-and third-round amplifications of six microdissected isochr0mosomes of the long arm of chromosome 5B (5BL) of the common wheat cultivar Chinese Spring (CS) were used to prepare ligation mixtures for transformation. White colonies (50-100) were recovered each time using a small fraction (1/200) of the initial PCR products. Extrapolation suggests that 10 000-20 000 colonies could be obtained from each PCR amplification of either the 2rid or 3rd round. Plasmid DNA was isolated from 200 white colonies; inserts were recovered from 78 colonies by PCR amplification using the vector M13 forward/reverse primers. The length of the inserts, as compared with known molecular markers in 1.8% agarose gel, ranged from 50 to 300 bp, with 38 inserts (49%) above 200 bp. In a preliminary estimation, the high-or low-copy nature of these inserts in common wheat was determined by dot-blot hybridization with genomic DNA of CS as a probe. Then, for the 38 inserts above 200 bp, Southern blots carrying two enzyme digests of CS genomic DNA were hybridized against individual inserts as probes. The combined results indicated that about 45% of the clones were medium-or highly repetitive, while 55% were low/ unique copy ones. Southern blot hybridization and random sample sequence analysis suggested that clone redundancy in the library was less than 5%. Tandem repeats were not found.
Chromosomal allocation and physical mapping of the chromosome-specific sequences
The 20 low-copy clones were hybridized against Southern blots of digested CS genomic DNA. Nine clones gave faint and/or smeary signals, making further analysis difficult, whereas the remaining 11 clones produced clear and discrete hybridization bands. These clones were screened against Southern blots of digested genomic DNA from nullisomic-tetrasomic (NT) lines of CS, each deficient for one pair of homologous chromosomes and carrying four doses of one of its homoeologs. Four of the 11 clones produced several hybridization bands, but none of the bands could be mapped to individual chromosomes, presumably because each band contains fragments located in two or more chromosomes. Six clones were chromosome 5B-specific; with EcoRI digestion, for example, four clones (WPG15, WPG33, WPG35 and WPG64) yielded only one hybridization fragment, which was located to 5B (Figure la), and two clones (WPG79 and WPG90) gave one major fragment and one or two minor fragments, with the major one on 5B (data not shown). Similar results were obtained with four other enzyme digestions (data not shown), The last clone (WPG176) gave multiple hybridization fragments with all five restriction enzymes tested, of which one was invariably located on 5B (Figure lb) . It was noticed that the hybridization patterns of clones WPG15, WPG33 and WPG64 were very similar, hence they were suspected to be identical, as indeed was later confirmed by cross hybridization. These three clones are designated therein after as WPG15. Thus, of a total of nine different low-copy clones analysed, five (WPG 15, WPG35, WPG79, WPG90 and WPG176) showed specificity to chromosome 5B. Southern hybridization of digested DNA from a complete set of ditelosomic (DT) lines of CS, each deficient for one pair of homologous chromosome arms, confirmed that the 5B-specific fragments of all five clones were indeed located on the long arm of chromosome 5B (data not shown). We then determined the more precise location of the 5BL-specific sequences by deletion mapping. The specific hybridization fragments of four sequences (WPG15, WPG35, WPG79 and WPG176) were all missing in two of the three 5BL deletion lines used, namely DEF5B49L and 5BL-11, while present in the third line, 5BL-13 (Figure 2a) . Considering the fraction length (FL) values of 5BL-11 and 5BL-13 (0.59 and 0.82, respectively; see Experimental procedures), we concluded that the 5BL-specific hybridization fragments of the four clones were all located at the distal half of the arm, between FL values of 0.59 to 0.82 ( Figure 2b ). As the specific hybridization fragment of WPG90 was not missing from any of the three deletion lines (data not shown), it was located to the proximal half of the arm, that is between the centromere and FL value of 0.51 (Figure 2b ). This clone is missing in two mutant lines, phlb and phlc, carrying interstitial deletions in the 5BL arm which encompass the Ph 1 gene (Segal et aL, 1997) .
Southern blot hybridization of the chromosome-specific sequences to polyploid wheats and their diploid progenitors
Each of the five specific probes was hybridized against Southern blots of digested DNAs from cultivars or lines of hexaploid and tetraploid wheats as well as from diploid Triticum and Aegilops species, including the presumed A, B, D and G genome donors of polyploid wheats (Table 1) . Because of the multiple banding patterns and the existence of extensive polymorphism among the diverse species, the 5BL-specific fragments of clones WPG79 and WPG176 could not be traced down. A clear picture, however, could be determined for each of the other three clones, namely, WPG15, WPG90 and WPG35. Clone WPG15 revealed only a single monomorphic band in several restriction digests of CS (where the band is invariably located to 5BL; Figu re la and data not shown); similar results were obtained with other polyploid wheats, and with all the studied diploid species. A striking characteristic of this sequence is its highly conserved hybridization pattern: diverse species with various genomes and different ploidy levels exhibited only one monomorphic band, with no polymorphism. Clone WPG90 produced similar results in that it hybridized to DNA of polyploid wheats as well as of diploid species of all three genomes. This sequence also revealed limited polymorphism among polyploid species with all the restriction enzymes tested, although a certain level of polymorphism was noticed among the diploid species in some of the enzyme digests (Figure 3 , and data not shown). Clone WPG35, on the other hand, hybridized to all the polyploid wheats but only to diploid species of the S-genome group, the putative donors of the B genome to polyploid wheats (Figure 4) . The degree of intra-as well as inter-specific polymorphism detected by this probe was extensive at both diploid and polyploid levels.
Discussion
We have reported here the isolation of chromosomespecific DNA markers by direct cloning of DOP-PCR products from a microdissected chromosome arm of wheat. Although more than 80% of the wheat nuclear genome consists of repetitive DNA families (Flavell et aL, 1993) , more than 50% of the characterized inserts are lowcopy sequences suggesting that DOP-PCR amplification selects against repetitive sequences. The preferential selection for low-copy sequences by DOP-PCR was also noticed in the amplification of flow-sorted chromosomes of tomato (Arumuganathan et aL, 1994) , and in microdissected B-chromosomes of Crepis capillaris (Jamilena et aL, 1995) .
This feature of DOP-PCR should be of significance for the enrichment of molecular markers in a given chromosome region of wheat and other important Triticeae crops, complementing the currently unsaturated RFLP maps. An additional interesting characteristic of DOP-PCR is the preferential amplification of chromosome-specific sequences. It is assumed that most of the ~20% unique/ low copy DNA sequences of the wheat nuclear genomes are group-specific, being shared by the respective homoeologs of the A, B and D genomes (Flavell et al., 1993) . In the present study, however, of the nine different unique/low-copy clones analyzed by Southern blot hybridization to NT lines of CS, four clones (WPG15, WPG35, WPG79 and WPG90) are chromosome-specific.
Sequencing data for these sequences indicate several stop codons and relatively short open reading frames (data not shown) and no homology to coding sequences in the GenBank and EMBL databases. Moreover, these sequences do not hybridize to a root-tip cDNA library of bread wheat. Being most probably non-coding sequences, some of the chromosome-specific clones are expected to reveal higher levels of polymorphism than the group-specific ones, either Table 1 . Note that the hybridization signal is confined to polyploid wheats and to diploid species of the S-genome (B-genome-related) group; it is not found in T. urartu and Ae. tauschii, the respective donors of A and D genomes to polyploid wheats. Genomic formulae (upper row) and sizes (in kb) are given. cDNA or genomic clones (Harcourt and Gale, 1991) . In the case of the four 5BL-specific clones, two of them (WPG35 and WPG79) detected extensive polymorphism among 34 different genotypes of common wheat with four enzyme digests tested (data not shown). Hence, these two clones are useful as RFLP markers. However, the two other chromosome-specific sequences, WPG15 and WPG90, are rather conserved, suggesting that this type of sequence is essential, either functionally and/or structurally, to the normal organization and behavior of the wheat chromosomes.
Hybridization results of Southern blots carrying DNA from polyploid wheats and their diploid progenitors indicate the presence of at least two types of chromosome-specific sequences in common wheat. One type (exemplified by WPG15 and WPG90) is a relatively 'ancient' sequence which recognizes homologous sequences in all diploid species of genomes A, D and S, as well as in polyploids. These sequences must have evolved before speciation of the Triticum-Aegilops diploid species, or even earlier, as evidenced by the fact that WPG15 and WPG90 also hybridize to wheat grass, rye, barley and even to rice but not to corn (data not shown). Despite its wide occurrence, this type of sequence exists in hexaploid wheat only in one pair of homologous chromosomes. We therefore speculate that these sequences were originally group-or homoeolog-specific at the time of polyploid formation; they became chromosome-specific during polyploid formation by elimination of their counterparts in the other two homoeologs (Feldman, M., Liu, B., Segal, G., Abbo, S., Levy, A.A. and Vega, J.M., in preparation). The second type of chromosome-specific sequences, exemplified by WPG35, recognizes homologous sequences in only one or several closely related diploid species. This type of sequence has evolved late, most likely after speciation of the diploid species carrying the A, D and S genomes, but before the divergence of the S-genome group. Alternatively, due to lack of selection pressure, this type of sequence may have diverged considerably in the different species. It may have continued to change during polyploid evolution, as manifested by the extensive intra-and inter-specific variation revealed by WPG35 in tetraploid and hexaploid wheats (Figure 4) , The fact that WPG35 hybridizes only to some species at the diploid level suggests that it is of little adaptive value for the diploid species, although it might be important at the polyploid level.
We presume that chromosome-specific sequences are probably important in hexaploid wheat for the differentiation of homologs from their homoeologous counterparts at the nucleotide sequence level. It is conceivable that chromosome-specific sequences might be associated with the action of the pairing genes, such as Phl, which discriminate between homologous and homoeologous chromosomes and allow only homologs to pair at meiosis. If unique DNA sequences are responsible for the recognition of homologous chromosomes by the Phl gene, then chromosome-specific sequences are most probably the target sites for some of the crucial events, such as homology search, which occur during pre-meiosis and/or early meiosis and ensure exclusive bivalent formation (Kleckner et al,, 1991) .
Chromosome-specific DNA sequences could possibly be used as in situ probes to monitor the behavior of individual chromosomes during cell division and to study nuclear architecture at interphase (Nagele et aL, 1995; Weiner and Kleckner, 1994) . After physical allocation and genetic mapping, chromosome-specific DNA sequences could be an important addition to the currently available RFLP markers, as well as ideal molecular tags for deletions of chromosome segments. In this respect, it is worthwhile mentioning that one of these sequences (WPG90) maps within the Phl deletions (Segal et aL, 1997) .
In summary, we have demonstrated that chromosome microdissection, coupled with DOP-PCR amplification and direct cloning, is an efficient technique to enrich for lowcopy markers in a given chromosome arm of wheat. Of more significance, most of these markers belong to the chromosome-specific type. Such clones might open new avenues for studies of phylogeny, homoeologous chromosome evolution, and the diploid-like behavior of polyploid wheat.
Experimental procedures
Plant material
For locating DNA sequences to chromosome arms, the following plant material was used: the standard laboratory common wheat cultivar Chinese Spring (CS); nullisomic-tetrasomic (NT) lines of CS, each lacking a given pair of homologous chromosomes and carrying an extra pair of one of its homoeologs; and ditelosomic (DT) lines of CS, each deficient for one homologous pair of chromosome arms. These aneuploid lines were produced by the late E.R. Sears. For further mapping, three 5BL-deletion lines of CS were used: DEF5B49L (kindly provided by A. Lukaszewski, University of California, Riverside, USA) and 5BL-11 and 5BL-13 (courtesy of T.R. Endo, Kyoto University, Japan). These lines have different terminal deficiencies in the long arm of chromosome 5B (5BL): line DEF5B49L lacks the distal 49% (fraction length, FL, value 0.51); line 5BL-11 lacks 41% (FL 0.59); and line 5BL-13 lacks the distal 18% of the arm (FL 0.82). To study the evolution of the chromosome-specific sequences, lines of diploid, tetraploid and hexaploid wheats and lines of diploid Aegilopswere used (Table 1 ).
All the material is maintained in our laboratory.
Cloning of amplified DOP-PCR products
Microdissection of the long arm of chromosome 5B (5BL) from the mono-isosomic 5BL line of CS and its amplification by the DOP-PCR technique have been described previously (Vega et aL, 1994) . The high-stringency cycles of the first-round DOP-PCR were repeated to increase the amount of the product in a second-and third-round PCR by using 2 ~tl of the product from each previous round as a template. Fifty microlitres of both the second-and third-round DOP-PCR products were purified with a Wizard PCR purification kit (Promega) and dissolved in 50 ~tl sterile distilled water. Two microlitres of the purified PCR product were used in a ligation reaction using a pGEM-T Vector cloning kit (Promega), at a vector/insert ratio of 1:3 in a total volume of 10 ~tl. Two microlitres of the ligation product were used to transform JM109 competent cells (Promega) according to the supplier's instructions. The transformed cells were plated onto LB/Amp/X-gal/IPTG plates for the selection of white colonies.
Analysis of plasmid clones
Plasmid DNA was isolated from 200 randomly selected white colonies by the alkaline minipreparation method. Insert DNA was amplified by PCR using the M13 forward/reverse primers and purified as above. One-tenth of each amplification reaction was run in 1.8% agarose gel containing ethidium bromide. Sizes of the cloned inserts were estimated by comparison with DNA markers.
To determine the high-or low-copy nature of the sequences, the inserts were dot-blotted onto Hybond-N+ (Amersham) nylon membranes and hybridized with radioactively labeled CS genomic DNA. Inserts over 200 bp in size were also individually labeled and hybridized to Southern blots with EcoRI-and Hindlll-digested CS genomic DNA. Clone redundancy was estimated by using randomly selected individual inserts to probe dot blots of the rest of the clones.
Southern analysis
Genomic DNA from the various plant materials was isolated from young leaves by the CTAB method (Kidwell and Osborn, 1992) , digested with restriction enzymes and blotted onto nylon membranes by the alkaline method. All radioactive probes were labeled with c~-32p-dCTP by the random primer method (Feinberg and Vogelstein, 1983) . Pre-hybridization and hybridization were performed as described by Harcourt and Gale (1991) . Filters were finally washed at a stringency of 0.2 × SSC (1 × SSC: 0.15 M NaCI plus 0.015 M sodium citrate) plus 0.1% SDS at 65°C for 2 × 50 rain. The filters were then exposed overnight to a Fuji Phosphoimage screen or for 7-10 days to Kodak Omat X-ray film at -80°C.
